Single-walled carbon nanotubes (SWCNTs) have highly desirable attributes for solution-processable thinfilm photovoltaics (TFPVs), such as broadband absorption, high carrier mobility, and environmental stability. However, previous TFPVs incorporating photoactive SWCNTs have utilized architectures that have limited current, voltage, and ultimately power conversion efficiency (PCE). Here, we report a solar cell geometry that maximizes photocurrent using polychiral SWCNTs while retaining high photovoltage, leading to record-high efficiency SWCNT−fullerene solar cells with average NREL certified and champion PCEs of 2.5% and 3.1%, respectively. Moreover, these cells show significant absorption in the near-infrared portion of the solar spectrum that is currently inaccessible by many leading TFPV technologies.
T hin-film photovoltaic (TFPV) technologies focus on producing efficient solar cells with materials amenable to low-cost processing techniques. 1, 2 Recently, we and other groups have proposed and implemented solar cells based on carbon nanomaterials 3−9 as an avenue toward solutionprocessable photovoltaics that utilize components with broad spectral absorption and high carrier mobility, as well as thermal, chemical, and optical stability. 10−13 In particular, single-walled carbon nanotubes (SWCNTs) are well-known to strongly absorb visible and near-infrared (NIR) light in contrast to typical conjugated organic polymers that are limited to the ultraviolet/visible range. Moreover, the exciton lifetime, carrier mobility, and photostability of carbon nanomaterials rival or exceed those of typical donor polymers and many other TFPV materials. 10,14−17 Increasingly large-scale production of high purity SWCNTs offers promise for a low-cost, high-performance photovoltaic material, 18 but several factors have limited significant performance advances for SWCNT−fullerene solar cells.
SWCNTs are generally synthesized in mixed purity (1/3 metallic, 2/3 semiconducting), thus presenting variability in electronic structure that necessitates postsynthesis sorting. 19, 20 Blends of small-diameter semiconducting SWCNTs (s-SWCNTs) with diameter d < 1.2 nm and the fullerene derivative (6,6)-phenyl-C 71 -butyric acid methyl ester (PC 71 BM) can form type-II heterojunctions capable of exciton dissociation and photovoltaic operation, in which s-SWCNTs behave as the electron donor and PC 71 BM as the electron acceptor material. 3 Such small-diameter SWCNTs have previously shown significant aggregation and the formation of coarse morphologies inadequate for efficient bulk-heterojunction (BHJ) solar cells. 3 Furthermore, devices based on s-SWCNT−fullerene bilayers have produced low efficiencies due to the small interfacial area between the two components. 4−6 The range of available s-SWCNT chiralities further presents a design and control challenge in that each chirality preferentially absorbs a different portion of the solar spectrum and forms a distinct heterojunction with the fullerene component. 21 Consequently, many researchers have employed a narrow range of SWCNT chiralities to reduce design and control complexity, although this choice may ultimately limit overall power conversion efficiency (PCE).
Our solution-processed BHJ TFPVs are based on active layers consisting of polychiral semiconducting SWCNTs and the PC 71 BM fullerene that are interfaced with carrier-selective contacts. This solar cell design concurrently addresses many issues that have limited previous SWCNT TFPVs, thus avoiding traditional performance trade-offs. The polychiral nature of the s-SWCNT distribution and smaller optical gap of the PC 71 BM fullerene lead to broadband optical absorption throughout the visible and NIR regions to increase photocurrent and reduce the processing required to isolate a narrow single-chirality distribution of SWCNTs. In parallel, increasing the work function of the hole transport layer (HTL) affords simultaneous photovoltage enhancement. Furthermore, proper selection of materials processing parameters ensures a SWCNT−fullerene BHJ morphology that is favorable for charge separation. Overall, our approach overcomes key obstacles that have impeded the utilization of SWCNTs in TFPV active layers, enabling a near-doubling of the current record PCE up to 3.1%.
The carbon nanomaterials used in this work are shown in Figure 1a and include the PC 71 BM fullerene and polychiral s-SWCNTs with diameters predominantly in the 0.8−1.2 nm range. 19 Solutions of the resulting polychiral s-SWCNTs show broad spectral absorption throughout the visible and NIR regions (Figure 1b ) from the first (S 11 ) and second (S 22 ) order s-SWCNT optical transitions of the 21 SWCNT chiralities characterized in Table S1 , Supporting Information. 22, 23 To disperse the s-SWCNTs in the blend solution and lessen micron-scale bundling, a small amount (∼1 wt %) of holeconducting polymer, poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(4,4′-(N-(4-s-butylphenyl))-diphenylamine)] (TFB) or poly-(3-hexylthiophene-2,5-diyl) (P3HT), is used for regular and inverted geometry cells, respectively. 24 A diameter of ∼2 nm is observed for the polymer-functionalized SWCNTs under transmission electron microscopy (TEM) (Figure S1a, Supporting Information). Atomic force microscopy indicates that large, micron-scale SWCNT bundles and/or PC 71 BM aggregates are nearly absent in BHJ active layers deposited using optimized conditions ( Figure S1b , Supporting Informa-tion). This characterization suggests that the SWCNTs are well dispersed into at most few-SWCNT bundles by the polymer, and the hybrids are well distributed within the PC 71 BM matrix. This morphology maximizes the interfacial area between SWCNT and PC 71 BM domains, thus facilitating efficient exciton dissociation and charge separation.
The configuration of the present cells consists of BHJ SWCNTs/PC 71 BM blends as the active layer sandwiched between electron and hole transport layers (ETL and HTL, respectively) and electrical contacts. Because of the polychiral nature of the SWCNTs, a range of SWCNT band gaps are available for absorption within the cell leading to the proposed band diagram and cell configuration in Figure 1c . All of the chiralities present form type-II heterojunctions with the PC 71 BM fullerene, and the smallest band gap SWCNTs (Table S1, Supporting Information) set an upper limit on the open-circuit voltage of (V oc ) ∼0.8 V. Figure 1d shows champion J−V curves of regular and inverted geometry cells under AM 1.5 illumination with PCEs of 2.5% and 3.1%, respectively (Table S2 , Supporting Information). Both of these cells exhibit PCEs higher than the most recent PCE record of 1.7% for solar cells employing SWCNTs as a photoactive component under AM 1.5 illumination. 3, [5] [6] [7] 25 From the same batch of regular geometry cells with a poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS)/TFB HTL and a bathocuproine (BCP) ETL, we observe an average PCE of 2.3% ± 0.2%, with variability primarily in the short-circuit current density and fill factor (Table S3 , Supporting Information). We attribute this variability in fill factor and current to variations in the percolating network of SWCNTs with different band gaps. 5 Our inverted cell geometry shows To investigate the role of the s-SWCNTs versus residual metallic SWCNT (m-SWCNT) impurities in the polychiral SWCNT samples, regular geometry solar cells were prepared using pure PC 71 BM (no SWCNTs), 95% semiconducting purity s-SWCNT/PC 71 BM, and 98% semiconducting purity s-SWCNT/PC 71 BM, where the principal impurities in the nanotube samples consist of metallic SWCNTs. The device structure of the cells is shown in Figure 2a , where PEDOT:PSS/TFB and BCP act as the HTL and ETL, respectively. Figure 2b shows the external quantum efficiency (EQE) of these devices, and further performance details are found in Figure S4 and Table S4 , Supporting Information. We attribute the broad EQE peak in Figure 2b between 400 and 700 nm to the photocurrent generated from light absorption in the fullerene derivative ( Figure S5 , Supporting Information). Features at wavelengths higher than 750 nm can be attributed to the S 11 and S 22 transitions, and the short-wavelength peaks near 540 and 590 nm correspond to S 22 and/or S 33 SWCNT transitions overlapping with the fullerene contribution. These features suggest that both fullerenes and s-SWCNTs participate in absorbing light and generating carriers. A decrease in the PCE and EQE from s-SWCNT/PC 71 BM cells to the pure PC 71 BM cell implies that s-SWCNTs play a crucial role in dissociating excitons at type-II heterojunction interfaces and efficiently transport holes to the HTL contact despite their low concentration (∼3 wt %) in the active layer blend, which is a characteristic observed in other systems with low donor concentrations. 26 The PCE enhancement from 95% s-SWCNTs to 98% s-SWCNTs suggests that the metallic species primarily reduce charge collection, 27 as evidenced by a significant decrease in the EQE, although they do not electrically short the cells at such low concentrations. We have carried out density functional theory (DFT) calculations of an interface between PC 71 BM and a representative m-SWCNT with (8,5) chirality and d = 0.9 nm to further investigate the adverse impact of m-SWCNTs on efficiency. Figure 2c shows the projected density of states (PDOS) of the m-SWCNT/PC 71 BM interface, which reveals a small (∼0.2 eV) positive offset between the LUMO energy of PC 71 BM and the Fermi energy of m-SWCNTs. This alignment favors injection of electrons from PC 71 BM to the m-SWCNT, and thus to the SWCNT network, where they can recombine with holes transported by s-SWCNTs in the active layer. In addition, interfaces between m-SWCNTs and s-SWCNTs have been shown to form Schottky barriers with low hole transmission probabilities of ∼5%. 28 Thus, we conclude that the fraction of m-SWCNTs in the active layer must be minimized due to their adverse effects on hole transport in the s-SWCNT network.
To further characterize the absorption and photoconversion properties of the s-SWCNT/PC 71 BM active layers, regular geometry cells were fabricated using two different HTLs: graphene oxide (GO) and PEDOT:PSS. As seen in Figure S6 , Supporting Information, PEDOT:PSS shows strong absorption at NIR wavelengths, while GO exhibits strong absorption in the visible range. As a consequence, the cell employing PEDOT:PSS as the HTL shows a higher EQE in the visible, originating from fullerene absorption and the S 22 /S 33 s-SWCNT transitions. In the NIR EQE plotted in Figure 3b , the cell with GO as the HTL exhibits higher EQE stemming from S 22 and S 11 transitions of the s-SWCNT than the PEDOT:PSS cell. Note that because of differences between SWCNT bundling in solution compared to films, there are slight peak shifts between the absorption spectrum and EQE. Nevertheless, the highest SWCNT EQE comes from S 11 transitions of individual chiralities and overlapping S 22 transitions of several chiralities. The performance of these cells is shown in Figure S7 , Supporting Information with the short-circuit current density corrected by integrating the EQE spectra against the solar spectrum for both cells. As the EQE plots do not capture the entire absorption of both cells, the corrected current values for both cells are likely to be underestimated. However, the greater visible EQE of the PEDOT:PSS cell and the greater NIR EQE of the GO cell lead to similar corrected currents in these two cases, with the PEDOT:PSS cell having a much higher open-circuit voltage. The origin of the high V oc of cells with a PEDOT:PSS HTL was explored by fabricating regular geometry cells with various HTLs including PEDOT:PSS, GO, and a blend of GO + SWCNTs. Cells fabricated with the various interfacial layers (and ITO without an HTL material) all exhibit different opencircuit voltages in Figure S8 and Table S5 , Supporting Information, implying that the nature of the interfacial layer impacts the cell voltage. Figure 3c shows an energy diagram of the s-SWCNT/PC 71 BM blend, where the donor−acceptor interface gap (ΔE DA ) of 0.8 eV between the effective highest occupied molecular orbital (HOMO) of the smallest-gap SWCNT in our distribution and the lowest unoccupied molecular orbital (LUMO) of PC 71 BM sets an upper limit for V oc . 29 We note that these small band gap SWCNTs (denoted in red in Figure 3c ) may not have sufficient energetic offsets for exciton dissociation with the fullerene, but do limit voltage as they exist in a percolating network with photoactive large band gap SWCNTs (denoted in blue and green in Figure  3c ). In the present cells, V oc correlates with the energy difference between the work function of the HTL (Figure S9 , Supporting Information) and the aluminum (Al) cathode rather than by ΔE DA as in typical organic solar cells. The comparison of V oc and the HTL/Al work function difference in Figure 3d shows clear correlation between these two quantities. This V oc dependence can be attributed to the absence of Fermi level pinning at the SWCNT/HTL and PC 71 BM/Al interfaces, implying that the metal−insulator−metal (MIM) model may apply to these carbon-based solar cells, 30 in contrast to the pinning in organic cells that occurs at the interface between the electrodes and the organic active layer. This assertion is further supported by Figure S10 , Supporting Information, where the insensitivity of the metal work function to light intensity leads to an analogous insensitivity of V oc in the range of 20 to 100 mW/cm 2 . Additionally, the dark J−V curves of all devices prepared in this work do not show clear saturation at reverse bias due to voltage-dependent carrier injection at the Schottky barrier between the HTL and PC 71 BM.
To maximize light absorption throughout the visible and NIR range while maintaining a high V oc , polychiral SWCNT/ PC 71 BM cells were fabricated with the inverted device structure in Figure 4a . Zinc oxide nanowires (ZnO NWs) were used as an electron transport layer that interpenetrates the active layer to minimize the collection length within the cell and reduce morphology variability, while molybdenum oxide (MoO x ) was used as a high work function HTL to maximize voltage. 26 This inverted cell architecture leads to record PCEs with Figure 4b containing the first published report of a carbon nanotube solar cell certified by the National Renewable Energy Lab (NREL), which independently confirms our average PCE of 2.5%.
Cross-sectional scanning electron microscopy ( Figure S11 , Supporting Information) verifies penetration of the active layer into a bed of ZnO NWs on ITO. Optimization of ZnO NW length and SWCNT concentration ( Figure S12 , Supporting Information) further contributes to the observed high performance. Additionally, a small increase in fill factor is observed on incorporation of the ZnO NWs ( Figure S13 , Supporting Information), indicative of improved charge extraction from the active layer. This high efficiency stems from maintaining high current resulting from both fullerenes and SWCNTs (as seen in the EQE plot in Figure 4c and Figure S14 , Supporting Information) while maintaining high voltage across the cell. The high transparency of the ZnO NWs ( Figure S15 , Supporting Information) and the interpenetration into the active layer provides ∼70% EQE from PC 71 BM and over 20% of the current resulting from the S 11 and S 22 transitions of the polychiral s-SWCNTs in the NIR region. The inverted cell thus overcomes the trade-off in absorption based on interlayer transparency seen in the regular geometry cell and delivers stable and consistently record-high performance.
The present combination of enhanced light absorption from both PC 71 BM and polychiral s-SWCNTs coupled with an open-circuit voltage maximized by careful interface and electrode selection has enabled us to nearly double the efficiency of SWCNT−fullerene solar cells and represents a milestone in their development over the past decade. Our observation of high current and EQE from both the donor SWCNTs and the fullerene acceptor in a low-donor system is uncommon, 26 and the ability of multiple chiralities to contribute substantially to photocurrent contrasts previous work advocating single-chirality SWCNT cells. 5, 21 The ability of these cells to absorb in the near-infrared portion of the solar spectrum opens up avenues to increase the efficiency of transparent and tandem solar cell architectures that are gaining interest in the thin-film photovoltaic community. 31,32 Furthermore, the utilization of sp 2 -bonded carbon nanomaterials implies that the present solar cell active layer has high thermal and chemical stability, thus lessening the requirements for hermetic encapsulation layers that are employed by leading TFPV technologies. By delineating the design parameters that lead to high short-circuit current, open-circuit voltage, and ultimately high PCE, this work will help guide future efforts to fully exploit carbon nanomaterials in environmentally stable photovoltaic technologies.
Methods. SWCNT Solution Preparation. Semiconducting single-walled carbon nanotubes (s-SWCNTs, 95% and 98% semiconducting purity) were prepared from solutions of HiPCo SWCNTs (NanoIntegris) sonicated in 1% (w/v) sodium cholate in deionized water by a 0.125 in tip horn ultrasonicator at 12 W for 60 min. Solutions were subsequently sorted by electronic type using density gradient ultracentrifugation and characterized for electronic-type purity as previously reported. 19 Purified fractions were combined to obtain the chiral distribution in Figure 1b . The aqueous solutions of surfactant-encapsulated s-SWCNTs were mixed with acetone to remove the surfactants and density gradient material, and the agglomerated suspensions of s-SWCNTs were subsequently vacuum filtered on a Nylon membrane. After rinsing with copious amounts of water, acetone, and isopropanol, the filtered films were dried and peeled off for use in blend solutions. Approximately 1 mg of s-SWCNTs on a 0.75 in diameter filter was necessary for the film to be thick enough to peel off successfully. The fullerene derivative (6,6)-phenyl-C 71butyric acid methyl ester (PC 71 BM, American Dye Source), poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(4,4′-(N-(4-s-butylphenyl))-diphenylamine)] (TFB, American Dye Source), and poly(3-hexylthiophene-2,5-diyl) (P3HT, Ossila) were used as purchased. Solutions of s-SWCNTs in 1,2-dichlorobenzene (1,2-DCB) were sonicated with TFB (regular geometry) or P3HT (inverted geometry) at a ratio of 2:1 SWCNT/polymer. The solution was then filtered to achieve functionalized s-SWCNTs, which were combined at a concentration of 2 mg/ mL with PC 71 BM (40 mg/mL) in 1,2-DCB and stirred at 45°C overnight.
Chirality and Electronic Structure Determination. An inventory of chiral species present in our samples was determined from previous photoluminescence characterization Nano Letters Letter dx.doi.org/10.1021/nl5027452 | Nano Lett. 2014, 14, 5308−5314 of our sorted polychiral semiconducting HiPCo SWCNT samples (HiPCo s-SWCNT). 19 The absorption spectrum of HiPCo s-SWCNT was fit to Lorentzian lineshapes, and the S 11 and S 22 transitions of these species were matched with the fitted peaks based on a previously published empirical table. 23 From here, the band gap of each s-SWCNT species was also determined. The proposed band diagram shown in the main text was constructed by assuming a Fermi level of 4.5 eV for each s-SWCNT species 33 and calculating the effective HOMO and LUMO levels based on the S 11 transition being symmetric about the Fermi level. 34 Determination of M 11 peaks for purity evaluation was conducted based on the methods listed in our previous studies of metallic HiPCo SWCNTs. 35 Note that electronic-type purity determination for semiconducting HiPCo SWCNTs is restricted to ∼98%, above which discrimination of the metallic M 11 transitions that overlap with semiconducting S 22 transitions is limited.
ZnO Nanowire Preparation. ZnO nanowires were grown on ITO by the hydrothermal method. ZnO seed layers were prepared by spin-coating 0.3 M zinc acetate and ethanolamine in 2-methoxyethanol solution and annealed at 180°C for 10 min. This process was repeated twice followed by annealing in air at 400°C for 1 h to form a uniform seed layer. The substrate was subsequently immersed into the nanowire growth solution in an autoclave for 60, 90, 120, and 210 min at 95°C. The growth solution consisted of zinc acetate and hexamethylenetetramine at the same concentration (0.025 M) in DI water. Asgrown ZnO nanowires were thoroughly rinsed with DI water and isopropanol and annealed at 300°C for 30 min.
General Film/Device Fabrication and Characterization. Prepatterned indium tin oxide (ITO) glass substrates (0.5 × 0.5 in 2 , 20 Ohm/sq, Thin Film Devices) were cleaned by ultrasonic treatment in aqueous detergent (Alconox), deionized water, acetone, and isopropyl alcohol sequentially, followed by a UVozone treatment. For regular geometry cells, hole transport layers (HTLs) were fabricated via spin coating onto cleaned ITO substrates. Specifically, poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS, Clevios) was spin-coated on an ITO substrate to fabricate a PEDOT:PSS film. GO was prepared by a modified Hummers method. GO-SWCNT solutions were prepared by spin-coating a dispersion of purified P2-SWCNTs (Carbon Solutions, Inc.) in 1 mg/mL GO in dimethylformamide at a SWCNT loading of ∼0.2 mg/mL. Samples were baked at 100°C to remove residual water after depositing the HTLs. In a glovebox, a solution of TFB (2 mg/ mL) was spin-coated on PEDOT:PSS/ITO substrates at 3000 rpm for 30 s. A solution of 3 wt % s-SWCNT and PC 71 BM (with 1 wt % TFB, 1,2-DCB/CHCl 3 , volume ratio = 0.4:0.6) was spin-coated on TFB/PEDOT:PSS/ITO substrates to make ∼100 nm thick active layers. The overall solute loading for the active layer was 20 mg/mL for films spun at 800 rpm. All films were allowed to dry in covered plastic Petri dishes followed by thermal annealing at 100°C for 10 min.
The PC 71 BM-only solar cells were fabricated by depositing a PC 71 BM solution on TFB/HTL/ITO substrates. Thermal annealing of this film was also performed at 100°C for 10 min. BCP and Al were thermally evaporated through shadow masks at a base pressure of 5.0 × 10 −6 Torr. For inverted cells, polyethylenimine (PEIE, M w : 70 000 g/mol, Aldrich) was dissolved in water at a concentration of 35−40 wt % and further diluted with 2-methoxyethanol to a weight concentration of 1%. PEIE was spin-coated onto the ZnO nanowire array at 4000 rpm for 1 min. Active layer solutions were spin-coated onto the PEIE functionalized ZnO nanowire arrays at 600 rpm for 60 s in a nitrogen-filled glovebox. The substrates were annealed at 120°C for 10 min to ensure the infiltration of the active layer into the nanowire arrays. MoO x (5 nm, Aldrich 99.99% trace metals basis) and 100 nm Ag were thermally evaporated through shadow masks at a base pressure of 5.0 × 10 −6 Torr at rates of 0.1 and 1 Å/s, respectively. Cells were masked using a laser-cut metal mask aligned on the devices and black electrical tape to cover reflective regions of the mask and areas of mask−device mismatch. The device areas defined by the overlap between the top and bottom electrodes and the mask were 0.6 to 1.2 mm 2 . Current density−voltage (J−V) plots were taken by a Keithley source generator under illumination from a calibrated solar simulator (xenon lamp, Newport) with an intensity of 100 mW/cm 2 and an AM 1.5 filter, and current values were corrected based on spectral mismatch between the spectrum of the xenon lamp and the solar spectrum. External quantum efficiency (EQE) measurements were carried out by a Newport system with an Oriel monochromator. The aging measurement for the unencapsulated inverted cell was carried out under ambient conditions.
Morphology and Spectroscopic Characterization. The inverted device cross-section and active layer were characterized using a Leo 1550 field emission scanning electron microscope (SEM) and FEI Tecnai F20 XT field emission transmission electron microscope (TEM). AFM images were taken with a Digital Instruments LFM-2 AFM/SPM microscope using silicon probes (nanoScience Instruments, Vista Probes, CLR-25, reflex coating aluminum). Absorption and transmission spectra of solid films were recorded by a Shimadzu UV−vis− NIR UV-3600 spectrophotometer.
Work Function Measurements. The work function values of ITO, GO, GO-SWCNT, and PEDOT:PSS films were determined by ultraviolet photoelectron spectroscopy (UPS) measurements on a Thermo Scientific ESCALAB 250Xi with a 21.2 eV He(I) source at an energy step size of 0.05 eV, base pressure of 8 × 10 −10 mbar, and a pass energy of 2 eV. Gold foil was used to calibrate the instrument. The secondary electron cutoff (SECO) for the various layers was determined on application of a −10 V sample bias by fitting curves from five measurements of each sample.
Density Functional Theory (DFT) Calculations. DFT calculations were carried out using the VASP code. 36 The PBE exchange-correlation functional was employed in combination with projector augmented wave (PAW) type pseudopotentials as implemented in the VASP package. 37 Briefly, a plane-wave kinetic energy cutoff of 450 eV and a k-grid of 1 × 1 × 20 were chosen to ensure convergence in the band structure and total energy of the (8,5) m-SWCNT. A cold (Methfessel-Paxton) smearing 38 of 0.2 eV was employed. Both the isolated PC 71 BM and (8,5) m-SWCNT structures were relaxed within DFT, and a strict tolerance of 10 −8 eV on the total energy was used to obtain an accurate ground state charge density. The interface between one unit cell of the (8, 5) nanotube (172 C atoms) and PC 71 BM was prepared by placing the fullerene at a van der Waals distance of 0.33 nm from the sidewall of the nanotube and further relaxing the geometry. A large vacuum of >1 nm was placed in the nonrepeating directions normal to the nanotube axis to avoid spurious interactions with the image cells. The PDOS plot was obtained with a denser k-grid of 1 × 1 × 40. No significant changes in the PDOS were observed by changing the relative orientation of the PC 71 BM and the nanotube. 
